Introduction
The mammalian c-abl gene was identi®ed as the cellular homolog of the transforming v-abl oncogene of the Abelson murine leukemia virus (Abelson and Rabstein, 1970; Go et al., 1980) . The c-abl gene, which encodes a nonreceptor tyrosine kinase, is ubiquitously expressed as two 145 kDa isoforms (1a and 1b) as a result of alternative splicing of the ®rst two exons (Ben-Neriah et al., 1986) . Both isoforms are present in the nucleus and cytoplasm. The N-terminal region of c-Abl, as found in members of the Src family, contains an SH3 domain, SH2 domain and the catalytic kinase or Src homology (SH1) domain. Unique to c-Abl, however, is a C-terminal region that includes three nuclear localization signals (Van Etten et al., 1989; Wen et al., 1996) , proline-rich sequences that function in binding to proteins with SH3 domains (Feller et al., 1994; Ren et al., 1994) , a bipartate DNAbinding domain (Kipreos and Wang, 1992) , and Gand F-actin binding domains (Van Etten et al., 1994) . In the nucleus, c-Abl binds to the EP element found in the enhancer and promoter regions of certain cellular and viral genes (Dikstein et al., 1992 (Dikstein et al., , 1996 . The cytoplasmic form of c-Abl has been localized, at least in part, to focal adhesions (Lewis and Schwartz, 1998) . In addition, association of c-Abl with the amphiphysinlike protein (ALP1) has implicated c-Abl in regulation of the cytoskeleton (Kadlec and Pendergast, 1997) . Other studies have demonstrated that c-Abl is activated in the cellular response to DNA damage (Kharbanda et al., 1995b) .
The c-Abl tyrosine kinase activity is tightly regulated in cells (Franz et al., 1989; Jackson and Baltimore, 1989) by proteins that interact with the c-Abl SH3 domain. Accordingly, deletions or point mutations of the SH3 domain increase Abl-mediated tyrosine phosphorylation (Franz et al., 1989; Jackson and Baltimore, 1989; Van Etten et al., 1995) . The macrophage 23 kDa stress protein (MSP23), which is also known as Pag, binds to the c-Abl SH3 domain and inhibits c-Abl activity (Wen and Van Etten, 1997) . Pag/MSP23 is induced in mouse peritoneal macrophages by oxidative stress (Ishii et al., 1993) and exhibits thiol speci®c antioxidant activity in vitro (Ishii et al., 1995) . The SH3 domain of c-Abl also binds to the Abl-interactor (Abi) proteins 1 and 2 (Dai and Pendergast, 1995; Shi et al., 1995) ; however, Abi-1 and Abi-2 are apparently not functional in the inhibition of c-Abl kinase activity (Wen and Van Etten, 1997) . The RFXI protein, a member of a family of DNA-binding factors, binds to the c-Abl SH3 domain at sites of the EP DNA element (Agami and Shaul, 1998) . In contrast to Pag/MSP23, RFXI potentiates c-Abl kinase activity (Agami and Shaul, 1998) .
Genetic studies of abl
Mammalian c-Abl exhibits structural conservation with cellular genes in the sea urchin (E-abl), fruit¯y (Dabl) , and nematode (N-abl) (Goddard et al., 1986; Henkemeyer et al., 1988; Moore and Kinsey, 1994) . The genetics of Drosophilia abl have demonstrated that many of the animals homozygous for abl mutations die as pupae (Homann, 1991) . The mutant ies that survive exhibit defects in eye morphology and are for the most part sterile (Homann, 1991) . D-Abl is expressed in neuronal axons (Gertler et al., 1989) , as is the interacting disabled gene product (Dab) (Gertler et al., 1993; Howell et al., 1997) , and functions in control of the axonal cytoskeleton (Homann, 1991) . Notch is a transmembrane receptor that is required for development of the nervous system, gonads and other tissues in Drosophila embryogenesis (Fortini and Artavanis-Tsakonas, 1994; Shellenbarger and Mohler, 1978) . D-Abl and Dab interact with Notch to regulate axon extension (Giniger, 1998) . In mammalian cells, both Notch and c-Abl have been implicated in hematopoiesis, particularly lymphoid cell development (Milner et al., 1996; Robey et al., 1996) .
Targeted disruption of the c-abl gene in mice is associated with normal fetal development (Schwartzberg et al., 1991; Tybulewicz et al., 1991) . However, the animals are born runted with head and eye abnormalities, and succumb as neonates with defective lymphopoiesis (Schwartzberg et al., 1991; Tybulewicz et al., 1991) . Importantly, disruption of the c-abl locus has been accomplished by Schwartzberg and coworkers through replacement of the C-terminal one third of cAbl (Abl m1 ) with neomycin phosphotransferase sequences (Schwartzberg et al., 1991) . As such, the abl m1/ml mice express a c-Abl/neo fusion protein that retains the SH3, SH2 and SH1 (catalytic) domains. By contrast, c-Abl protein is undetectable in the abl 7/7 mice generated by Tybulewicz and colleagues (Tybulewicz et al., 1991) . Phenotypic dierences between the abl m1/m1 and abl 7/7 mice are thus informative with regard to functions of c-Abl that are preserved by expression of the N-terminal Abl/neo fusion protein compared to animals with the null mutation. For example, despite the high levels of c-Abl found in spermatocytes of wild-type mice, the abl m1/m1 male mice are fertile (Schwartzberg et al., 1991) , while the abl 7/7 mice are for the most part sterile (Tybulewicz et al., 1991) . In addition, the rescue of Drosophilia null for D-Abl diers from that found for¯ies expressing DAbl defective in the C-terminal domain (Henkemeyer et al., 1990) . The variable phenotype in the abl m1/m1 and abl 7/7 mice is also potentially complicated by expression of the arg gene, which is highly related to c-abl (Kruh et al., 1990) , and thus may serve a rendundant function.
Activation of c-Abl in the response to DNA damage
The mechanisms by which DNA damage is converted into intracellular signals that control cell behavior are for the most part unknown. The recognition and repair of DNA lesions, such as DNA double-strand breaks, occur in eukaryotic cells as a consequence of the formation of chromosome breaks by spontaneous damage and during recombinational events. Exposure of cells to ionizing radiation (IR) also results in the formation of DNA double-strand breaks.
Genetic studies have established that components of the DNA-dependent protein kinase (DNA-PK) complex are involved in the sensing of DNA doublestrand breaks and in the repair of these lesions.
DNA-PK consists of the 470 kDa catalytic serine/ threonine kinase (DNA-PK cs ) and the 70 and 80 kDa Ku heterodimer (Carter et al., 1990; Jackson et al., 1990; Lees-Miller et al., 1990) . Ku binds to DNA at sites of double-strand breaks in the absence of DNA-PK cs (Boubnov and Weaver, 1995; Lees-Miller et al., 1995) . DNA-PK cs is recruited to sites of Ku/DNA complexes and is activated by the Ku heterodimer (Lees-Miller et al., 1990; Milne et al., 1996) . The Ku association site is located at the C-terminus of DNA-PK cs (amino acids 3002 ± 3850) near the protein kinase domain . Autophosphorylation of the DNA-PK components inactivates DNA-PK cs by a mechanism in which DNA-PK cs disassociates from Ku (Chan and Lees-Miller, 1996) . Thus, only unphosphorylated DNA-PK cs can restore the DNA-PK cs /Ku complex (Chan and Lees-Miller, 1996) .
Co-immunoprecipitation studies have demonstrated that c-Abl interacts constitutively with DNA-PK cs and not Ku . The c-Abl SH3 domain binds to amino acids 3414 ± 3850 of DNA-PK cs near the kinase homology region . Exposure of cells to IR is associated with a partial increase in c-Abl/DNA-PK cs complexes and, importantly, binding of c-Abl and DNA-PK cs to Ku . Of potential signi®cance to the transduction of DNA damage-induced signals, DNA-PK/Ku complexes phosphorylate and activate c-Abl in the presence of DNA . Moreover, cells de®cient in DNA-PK are defective in part in IR-induced c-Abl activation. In a potential feedback mechanism, c-Abl phosphorylates DNA-PK cs and inhibits DNA-PK activity Kharbanda et al., 1997) . Mapping studies have shown that c-Abl phosphorylates the C-terminal region of DNA-PK at amino acids 3414 ± 3850 . c-Abl-mediated phosphorylation of DNA-PK cs disassociates the DNA-PK cs /Ku complex and thereby inhibits DNA-PK activity . These ®ndings have supported a model in which Ku and cAbl provide opposing functions with regard to DNA-PK activity. In addition, the demonstration that autophosphorylation and c-Abl-mediated phosphorylation of DNA-PK cs both induce disassociation of the DNA-PK cs /Ku/DNA complex has provided support for at least two distinct pathways in the downregulation of DNA-PK cs .
The gene mutated in ataxia telangiectasia (AT), designated ATM (for AT mutated) is related to DNA-PK cs and other members of the family of phosphatidylinositol-3-kinase (PIK) like enzymes involved in cell-cycle regulation, meiotic recombination, telomere length control and the DNA damage response Savitsky et al., 1995; Zakian, 1995) . AT cells, like their DNA-PK cs /Ku-de®cient counterparts, are hypersensitive to IR (Chen et al., 1975; Paterson et al., 1979; Taylor et al., 1975) . The AT phenotype also exhibits defects in IR-induced G1 arrest Khanna et al., 1995; Khanna and Lavin, 1993) and in chromosome stability (Hawley and Friend, 1997 ). The precise role of ATM in the sensing and repair of DNA lesions is unclear; however, the sensitivity of AT cells to IR supports involvement of ATM in the response to DNA double-strand breaks. ATM binds c-Abl constitutively in wild-type, but not in AT, cells (Baskaran et al., 1997; Shafman et al., 1997) . The SH3 domain of c-Abl interacts with a DPAPNPPHFP motif (amino acids 1373 ± 1382) in ATM (Shafman et al., 1997) . Signi®cantly, the functional interaction between ATM and c-Abl is supported by the ®nding that IR-induced activation of c-Abl is diminished in cells from AT patients and ATM-de®cient mice (Baskaran et al., 1997; Shafman et al., 1997) . The defect in activation of c-Abl in AT cells is corrected by expression of an active ATM kinase domain (Baskaran et al., 1997) . In addition, phosphorylation of c-Abl by ATM on Ser-465 results in the activation of c-Abl (Baskaran et al., 1997) . These ®ndings have supported a role for ATM, like that de®ned for DNA-PK, in which signals activated by DNA lesions are transduced to the c-Abl kinase as an eector of the DNA damage response.
Of note, the available data on the activation of c-Abl by ATM has been derived from in vitro experimentation (Baskaran et al., 1997; Shafman et al., 1997) . In mouse model studies, the ATM kinase is required for IRinduced cell death in the central nervous system (Herzog et al., 1998) . By contrast, Abl m1/m1 mice exhibit a cell death response in the central nervous system that is similar to that in wild-type mice (Herzog et al., 1998) . These ®ndings have argued for involvement of ATM, and not c-Abl, in IR-induced cell death. Whereas the Abl m1/m1 mice (Schwartzberg et al., 1991) express an Abl protein that includes the SH3 domain, which can interact with ATM (Shafman et al., 1997) , and the active catalytic domain, studies of IR sensitivity in the cAbl 7/7 mice (Tybulewicz et al., 1991) are required to fully address the role of c-Abl in vivo.
Role for c-Abl in DNA-damage-induced cell cycle arrest Signi®cant insight into a functional role for c-Abl was derived from the ®ndings that overexpression of c-Abl in ®broblasts induces cell cycle arrest (Jackson and Mattioni et al., 1995; Sawyers et al., 1994) . Growth suppression was found to be dependent on the nuclear localization sequences, an intact SH2 domain and tyrosine kinase activity (Sawyers et al., 1994) . Expression of c-Abl in Schizosaccharomyces pombe similarly induces growth arrest by a mechanism dependent on the c-Abl kinase function (Walkenhorst et al., 1996) . In one study using ®broblasts with disruptions of the Rb or p53 genes, c-Abl-dependent growth arrest was found to be dependent on p53, but not Rb (Goga et al., 1995) . By contrast, other work has shown that the cytostatic function of c-Abl requires both p53 and Rb (Wen et al., 1996) . c-Abl has been found to interact with p53 and Rb. A prolinerich domain within the C-terminus of c-Abl has been identi®ed as being necessary for binding of c-Abl to p53 in vitro (Goga et al., 1995) . In addition, the ATP binding region of c-Abl associates with the C-terminus of Rb (Welch and Wang, 1993) . c-Abl activates the transactivation function of p53 (Goga et al., 1995) and thus stimulates the induction of p21 (Yuan et al., 1996b) . While Rb also functions in the G1 arrest response to DNA damage (Harrington et al., 1998) , the available information indicates that Rb inhibits c-Abl activity and kinase-inactive c-Abl blocks Rb-induced growth arrest (Welch and Wang, 1995).
The ®ndings that c-Abl is activated by genotoxic agents (Kharbanda et al., 1995b) and associates with p53 in vitro (Goga et al., 1995) prompted studies on the interactions between these proteins in the DNA damage response. In co-immunoprecipitation studies, low constitutive levels of c-Abl/p53 complexes were identi®ed in cells expressing wild-type c-Abl or the dominant negative, kinase-inactive c-Abl (K-R) (Yuan et al., 1996b) . Signi®cantly, exposure of both cell types to IR and other genotoxic agents is associated with induction of c-Abl/p53 complexes and p21 expression (Yuan et al., 1996a,b) . However, cells expressing c-Abl (K-R) and c-Abl 7/7 ®broblasts are impaired in their ability to downregulate Cdk2 or undergo G1 arrest in response to DNA damage (Yuan et al., 1996a,b) . Also, overexpression of c-Abl in p21
, but not in p53
, cells is associated with downregulation of Cdk2 (Yuan et al., 1996b) . These ®ndings have supported a model in which c-Abl contributes to the growth arrest response to DNA damage by a p53-dependent, p21-independent mechanism. In concert with this model is the demonstration that p53-dependent events can inhibit cell growth through p21-independent mechanisms (Brugarolas et al., 1995; Deng et al., 1995; Hirano et al., 1995) .
Other studies have reported that Abl 7/7 ®broblasts do not exhibit defects in IR-induced cell cycle checkpoints . The basis for the discrepancy in the G1 arrest response to irradiated Abl 7/7 cells is unclear. Nonetheless, other studies demonstrating that overexpression of c-Abl (K-R) is associated with premature entry into S phase support a role for c-Abl in the G1 checkpoint (Sawyers et al., 1994; Welch and Wang, 1995) . In addition, the association of c-Abl with p53 in vitro and in cells, as well as the demonstration that c-Abl: (i) induces the transactivation function of p53; (ii) activates p21 expression; and (iii) down-regulates Cdk2 activity, argue for involvement of c-Abl in the regulation of the p53-dependent G1 arrest response (Goga et al., 1995; Yuan et al., 1996b) . That c-Abl functions through a p53-dependent pathway is also supported by the failure of a c-Abl mutant devoid of the p53 binding site to downregulate Cdk2 and induce growth arrest (Yuan et al., 1996b) . Moreover, the ®nding that the PAG gene product rescues the G1/S cytostatic eect of c-Abl suggests that Pag may act as a physiologic inhibitor of c-Abl-mediated G1 arrest (Wen and Van Etten, 1997) .
Cells null for c-Abl (Abl
) respond to DNA damage with increases in p53 levels (Yuan et al., 1996a) . Furthermore, overexpression of c-Abl or c-Abl (K-R) induces p53 accumulation (Yuan et al., 1996b) . These ®ndings have suggested that the p53 response to DNA damage is regulated by c-Abl-independent and -dependent mechanisms. Conversely, the ®nding that cAbl is activated by DNA damaging agents in p53-de®cient cells indicates that p53 is dispensable for cAbl activation. The mechanism by which c-Abl contributes to the p53 response is presently unclear. However, recent studies have shown that DNA-PK is necessary but not sucient for activation of p53 sequence speci®c DNA binding (Woo et al., 1998) . Phosphorylation of the p53 N-terminal region by DNA-PK may contribute to both the transactivation function and stability of p53 (Ko and Prives, 1996; Lees-Miller et al., 1992) . Other work has demonstrated that ATM phosphorylates p53 on Ser-15 in vitro (Banin et al., 1998; Canman et al., 1998) . The p53 Ser-15 site is phosphorylated in IR-treated cells (Shieh et al., 1997; Siliciano et al., 1997) and this response is diminished in AT cells (Siliciano et al., 1997) . The p300/CBP proteins (Eckner et al., 1994; Kwok et al., 1994; Lundblad et al., 1995) have also been implicated as coactivators of the p53 transactivation function, in part by acetylation of the p53 C-terminal domain Lill et al., 1997) . In addition, a dominant negative form of p300/CBP inhibits p53-mediated transactivation and the G1 arrest response (Avantaggiati et al., 1997) . Other studies have demonstrated that p300 is essential for IR-induced accumulation of p53 and thereby p53-mediated growth arrest (Yuan et al., 1999) . Importantly, c-Abl associates with and phosphorylates p300, and may contribute to the stabilization of p53 by a p300-dependent mechanism (Yuan et al., unpublished data) . These ®ndings collectively support a DNA damage response in which p53 is regulated by c-Ablindependent and -dependent mechanisms.
Role for c-Abl in DNA repair
Recombination plays a fundamental role in the repair of DNA lesions. The bacterial RecA protein mediates repair of DNA double-strand breaks by initiating pairing and strand exchange between homologous DNAs (Shinohara and Ogawa, 1995) . Structural homologs of RecA have been identi®ed in yeast, Xenopus laevis, mouse and human cells (Bishop et al., 1992; Maeshima et al., 1995; Ogawa et al., 1993; Shinohara et al., 1992 Shinohara et al., , 1993 . The RecA homolog in Saccharomyces cerevisiae, ScRad51, converts DNA double-strand breaks to recombinational intermediates and is required for DNA damage-induced mitotic recombination (Shinohara et al., 1992) . Human Rad51 (HsRad51) promotes homologous pairing and DNA strand exchange reactions in vitro, and thus probably also functions in recombinational repair in cells (Baumann et al., 1996) . The ®ndings that targeted disruption of the rad51 gene in mice results in an embryonic lethal phenotype have suggested that mammalian Rad51 has an essential role in cell proliferation and/or maintenance of genomic instability.
Recent studies have demonstrated that c-Abl associates with Rad51 in cells (Yuan et al., 1998b) . In vitro studies have shown that the c-Abl SH3 domain binds directly to HsRad51 and that HsRad51 is a substrate for c-Abl. Moreover, studies in Abl 7/7 ®broblasts and after stable expression of c-Abl (Abl + ) demonstrate that IR induces tyrosine phosphorylation of Rad51 by a c-Abl-dependent mechanism. The ®nding that c-Abl phosphorylates Rad51 on Tyr-54 in vitro and on the same site in irradiated cells provides further support for c-Abl-mediated phosphorylation of Rad51 in vivo (Yuan et al., 1998b) . The functional signi®cance of the interaction between cAbl and Rad51 is supported by the demonstration that c-Abl inhibits binding of Rad51 to ssDNA and thereby blocks DNA strand exchange reactions in vitro (Yuan et al., 1998b) . These ®ndings provide the ®rst evidence that Rad51 is regulated by phosphorylation and that c-Abl functions in the control of Rad51-dependent recombination in the response to DNA damage. The results, however, do not exclude the possibility that c-Abl-mediated phosphorylation of Rad51 also aects an essential function of Rad51 that involves interactions with other members of the Rad52 epistasis group, p53 (StuÈ rzbecher et al., 1996), BRCA1 (Scully et al., 1997) or BRCA2 (Sharan et al., 1997) .
DNA double-strand breaks accumulate as a consequence of exposure to IR and as errors during DNA synthesis, recombination and mitosis. DNA-PK has been implicated in the repair of DNA doublestrand breaks, V(D)J recombination, transcription and DNA replication (Carter et al., 1990; Lees-Miller et al., 1992) . The ®nding that DNA-PK activates c-Abl in the response to IR-induced DNA damage has suggested that c-Abl may function in a more general role of responding to the accumulation of DNA double-strand breaks during events such as recombination. Functional interactions between DNA-PK and c-Abl could determine cell fate, that is repair of DNA doublestrand breaks and survival, or induction of cell death mechanisms. In this context, yeast Rad51 was initially identi®ed as being necessary for repair of IR-induced DNA damage and then subsequently in genetic recombination and the recombinational repair of DNA lesions (Game, 1983; Haynes and Kunz, 1981; Resnick, 1987) . Other studies showed that rad51 mutants accumulate DNA double-strand breaks at sites of recombination during meiosis (Shinohara et al., 1992) . ScRad51 mediates DNA-dependent ATPase activity, promotes pairing of single strands with homologous duplex DNA and initiates strand exchange (Sung, 1994; Sung and Robberson, 1995) . HsRad51 also possesses DNA-dependent ATPase activity and promotes homologous pairing and strand exchange in vitro, but may dier from ScRad51 in ability to promote extensive strand transfer (Baumann et al., 1996; Gupta et al., 1997) . Thus, HsRad51 exhibits certain characteristics associated with a role in genetic recombination and recombinational repair of DNA damage.
Mammalian Rad51 is expressed at high levels in ovary, testes and lymphoid tissue . Increased expression of Rad51 has also been found in murine B cells that exhibit class switching (Li et al., 1996a) . These and other ®ndings of Rad51 expression in spermatocytes have provided support for involvement of mammalian Rad51 in meiotic and class switch recombination. The demonstration that Rad51 expression is increased in nuclear foci of mouse somatic cells exposed to DNA damaging agents has also supported a role for mammalian Rad51 in recombinational repair (Haaf et al., 1995) . Thus, the interaction between c-Abl and Rad51 found in the response to genotoxic stress might also occur with accumulation of DNA double-strand breaks during meiotic recombination or class switching. In this context, c-Abl is expressed at high levels in pachytene spermatocytes, and c-Abl-de®cient mice exhibit defective spermatogenesis and are generally infertile (Hardin et al., 1996; Kharbanda et al., 1998; Tybulewicz et al., 1991) . These ®ndings have supported a functional role for c-Abl in meiosis. Moreover, neonatal mice with disruption of the c-abl gene die with lymphopenia (Schwartzberg et al., 1991; Tybulewicz et al., 1991) . Therefore, activation of c-Abl by DNA double-strand breaks and thereby regulation of Rad51 function could determine cell fate by controlling the extent of recombinational activity and consequently cell survival.
Regulation of apoptosis by c-Abl
The cellular response to DNA damge includes cell cycle arrest, activation of DNA repair and, in the event of irreparable lesions, the induction of apoptosis. The signals that determine cell fate, that is DNA repair and survival or cell death, are largely unknown. The available evidence supports a role for c-Abl in the induction of apoptosis. Transient transfection studies with wild-type, but not kinase-inactive, c-Abl have demonstrated the induction of an apoptotic response (Yuan et al., 1997a) . Also, cells that stably express the dominant negative c-Abl (K-R) exhibit resistance to induction of apoptosis by IR and other DNA damaging agents (Huang et al., 1997; Yuan et al., 1997a) . Similar results have been obtained in Abl
®broblasts (Huang et al., 1997; Yuan et al., 1997a) . The apoptosis resistant phenotype is more pronounced in cells expressing the kinase-inactive c-Abl (K-R) compared to c-Abl null cells. These ®ndings have suggested that a redundant function, perhaps mediated by the related Arg protein (Kruh et al., 1990) , is inhibited by the dominant negative eect of c-Abl (K-R). That Pag rescues the cytotoxic eect of c-Abl has also suggested that Pag may function as a physiologic inhibitor of c-Abl-mediated apoptosis (Wen and Van Etten, 1997) .
In contrast to the evidence in support of a proapoptotic role for c-Abl, other studies have shown that progenitor B cell lines from Abl m1/m1 mice exhibit increased sensitivity to apoptotic stimuli (Dorsch and Go, 1996) . Thus, these results in Abl m1/m1 cells indicate that c-Abl has an anti-apoptotic eect. The discrepancy in ®ndings may be attributable to expression of the kinase active Abl/neo fusion protein in Abl m1/m1 cells (Schwartzberg et al., 1991) as compared to the apoptosis resistant phenotype of cells null for c-Abl or expressing c-Abl (K-R). Indeed, expression of the constitutively active Bcr-Abl fusion protein confers resistance to induction of apoptosis by genotoxic agents (Bedi et al., 1995) . In addition, a pro-apoptotic role for c-Abl is supported by c-Abl-dependent regulation of the following eectors of the apoptotic response.
p53 and the related pro-apoptotic p73 protein
The response of irradiated cells to exhibit G1 arrest (Kuerbitz et al., 1992) or apoptosis (Clarke et al., 1993; Lowe et al., 1993a,b) has been attributed in part to expression of wild-type p53. Mutants of p53 have been used to demonstrate that the G1 arrest and apoptotic responses to DNA damage are eected through distinct p53-dependent mechanisms (Friedlander et al., 1996; Polyak et al., 1996; Rowan et al., 1996) . The interaction between c-Abl and p53 has been shown to contribute to the DNA damage-induced G1 arrest response (Yuan et al., 1996b) . By contrast, the involvement of c-Abl in p53-dependent apoptosis is less clear. The ®nding that cells de®cient in p53 undergo apoptosis in response to overexpression of cAbl indicates that c-Abl can induce apoptosis by a p53-independent mechanism (Yuan et al., 1997a) . Moreover, expression of c-Abl (K-R) in p53-de®cient cells decreases the apoptotic response to DNA damage (Huang et al., 1997; Yuan et al., 1997a) . These results, however, do not exclude the possibility that c-Abl induces apoptosis at least in part by a p53-dependent mechanism. Further studies are needed to directly address this issue.
p73 is a pro-apoptotic, structurally related homolog of p53, that in contrast to p53, has been reported not to be induced by DNA damage (Jost et al., 1997; Kaghad et al., 1997) . p73 contains an N-terminal acidic transactivation domain, a central DNA-binding core domain and a C-terminal homo-oligomerization domain (Kaghad et al., 1997) . Recent studies have demonstrated that c-Abl binds constitutively to p73 in cells (Yuan et al., unpublished data) . The c-Abl SH3 domain interacts directly with the p73 homooligomerization domain. Importantly and in contrast to p53, c-Abl phosphorylates p73 in vitro and in cells exposed to certain DNA damaging agents. Studies in cells also demonstrate that c-Abl stimulates p73-mediated transactivation and apoptosis. These findings support a model in which c-Abl regulates p73 in the apoptotic response to DNA damage. Thus, the interaction between c-Abl and p73 or perhaps other members of the p53 family (Yang et al., 1998) , rather than p53 itself, may contribute to c-Abl-mediated apoptosis.
JNK/SAPK and p38 MAPK
The family of mitogen-activated kinases (MAPKs) includes ERK, JNK/SAPK and p38 MAPK (Davis, 1994) . SAPK and p38 MAPK, but not ERK, have been implicated as eectors of apoptosis (Chen et al., 1996a; Johnson et al., 1996; Verheij et al., 1996; Xia et al., 1995) . In addition, IR and other DNA damaging agents activate SAPK (Chen et al., 1996a,b; Kharbanda et al., 1995c; Saleem et al., 1995; Verheij et al., 1996; Zanke et al., 1996) and p38 MAPK Raingeaud et al., 1995) in diverse cell types. The demonstration that c-Abl 7/7 cells exhibit a defective SAPK response to DNA damaging agents has provided support for c-Abl as a upstream eector in the SAPK pathways (Kharbanda et al., 1995a,b) . Also, other studies have demonstrated that activated forms of Abl confer induction of SAPK activity (Kharbanda et al., 1995a; Raitano et al., 1995; Renshaw et al., 1996; Sanchez et al., 1994) . By contrast, another study has reported that Abl 7/7 cells respond to IR with induction of SAPK . This apparent discrepancy in ®ndings could be explained by the demonstration that activation of SAPK by IR and other damaging agents is c-Abl-dependent in proliferating cells (Kharbanda et al., 1995b) . However, con¯uent, growth-arrested cells fail to exhibit c-Abl-dependent activation of SAPK in the DNA damage response (Kharbanda et al., unpublished data) . These ®ndings suggest that the SAPK response to IR and certain other genotoxic agents is regulated by c-Abl-dependent and -independent mechanisms that are dictated by the proliferative state or by cell-cell interactions. A role for c-Abl in the SAPK pathway is further supported by the interaction of c-Abl with MEKK-1, an upstream eector of SEK1/SAPK (Kharbanda et al., unpublished data) . Proliferating cells de®cient in c-Abl also fail to activate p38 MAPK after treatment with 1-b-Darabinofuranosylcytosine (ara-C) or cis-platinum, but not after exposure to UV or methyl methanesulfonate (MMS) . Signi®cantly, reconstitution of c-Abl expression in Abl 7/7 cells restores the p38 MAPK response . Collectively, the ®ndings demonstrate that c-Abl is an upstream eector of pro-apoptotic, stress-activated kinases in the response to certain classes of DNA damaging agents.
Phosphatidylinositol 3-kinase (PI 3-kinase)
DNA-PK cs and ATM are related to members of the PI 3-kinase (PIK) family, such as Tor1p, Tor2p, FKBPrapamycin-associated protein and Schizosaccharomyces pombe Rad3, which are involved in cell cycle control and DNA repair (Hartley et al., 1995) . PI 3-kinase phosphorylates inositol lipids to form the second messenger PI(3,4,5)P 3 that acts on pathways involved in cell proliferation and survival. PI(3,4,5)P 3 binds to the pleckstrin homology (PH) domain of protein kinase B (PKB) and thereby facilitates the activation of PKB through phosphorylation at the plasma membrane by the 3-phosphoinositide-dependent protein kinase 1 and 2 (PDK1, PDK2) Stephens et al., 1998; Stokoe et al., 1997) . Activation of PKB protects against apoptosis in the response to growth factors and cytokines (Ahmed et al., 1997; Kulik et al., 1997; Ulrich et al., 1998) , serum withdrawal (Kennedy et al., 1997) , c-myc overexpression (Kaufmann-Zeh et al., 1997), Fas stimulation (Hausler et al., 1998) and matrix detachment (Khwaja et al., 1997) . Thus, activation of PKB promotes survival, while inhibition of PI 3-kinase and thereby down-regulation of PI(3,4,5)P 3 contributes to apoptosis (Kennedy et al., 1997; Yao and Cooper, 1995) . These ®ndings argue that signaling mechanisms which negatively regulate PI 3-kinase would be pro-apoptotic. Other than downregulation of PI 3-kinase by autophosphorylation on serine (Carpenter et al., 1993; Dhand et al., 1994) , there have been no known negative regulatory eectors of this kinase.
Recent studies have demonstrated that c-Abl binds constitutively to PI 3-kinase in cells (Yuan et al., 1997b) . Activation of c-Abl by IR treatment is associated with phosphorylation of the p85 subunit of PI 3-kinase. Moreover, phosphorylation of p85 by cAbl inhibits PI 3-kinase activity in vitro and in irradiated cells. These ®ndings thus support a model in which the pro-apoptotic c-Abl negatively regulates PI 3-kinase in the response to DNA damage. Transforming variants of c-Abl, such as Bcr-Abl and v-Abl, activate PI 3-kinase (Skorski et al., 1995; Varticovski et al., 1991) . Therefore, the ®nding that c-Abl inhibits PI 3-kinase activity is in contrast to the eects of the oncogenic variants of c-Abl that also inhibit the apoptotic response to DNA damaging agents (Bedi et al., 1995) . The demonstration that cAbl inhibits PI 3-kinase also supports a pro-apoptotic mechanism by which c-Abl down-regulates PI(3,4,5)P 3 levels and thereby the PKB survival pathway.
Protein kinase C d (PKCd)
Of the 12 known protein kinase C (PKC) isoforms (Nishizuka, 1992; , the ubiquitously expressed PKCd ) is unique as a substrate for tyrosine phosphorylation (Li et al., 1994a) . PKCd belongs to the new PKC (nPKC) group and is activated by a diacylglycerol-dependent, Ca 2+ -independent mechanism. Activation of the PDGF (Li et al., 1994b) or EGF (Denning et al., 1996) receptors is associated with tyrosine phosphorylation of PKCd. Moreover, transformation by Ras (Denning et al., 1993) or v-Src results in phosphorylation of PKCd on tyrosine. However, the eects of such modi®cations on the serine/threonine kinase activity of PKCd have been con¯icting (Li et al., 1996b) . Treatment of cells with H 2 O 2 also induces tyrosine phosphorylation of PKCd and thereby an activator-independent form of the kinase (Konishi et al., 1997) . Other studies have shown that, in concert with a potential tumor suppressor function , PKCd is involved in the induction of growth arrest (Watanabe et al., 1992) and apoptosis (Emoto et al., 1995 Ghayur et al., 1996) .
Recent studies have shown that c-Abl interacts with PKCd in cells (Yuan et al., 1998a) . The SH3 domain of c-Abl binds directly to PKCd. In vitro, c-Abl phosphorylates and activates PKCd by a mechanism that is independent of diacylglycerol stimulation (Yuan et al., 1998a) . Thus, as previously demonstrated in H 2 O 2 -treated cells (Konishi et al., 1997) , tyrosine phosphorylation of PKCd is sucient to confer activation. Treatment of cells with IR is also associated with c-Abl-dependent phosphorylation of PKCd and translocation of PKCd to the nucleus (Yuan et al., 1998a) . Sequences resembling bipartite nuclear localization motifs (Dingwell and Laskey, 1991) are present near the PKCd catalytic domain (amino acids 378 ± 399). Thus, c-Abl mediated phosphorylation may induce both allosteric activation and the unmasking of otherwise cryptic nuclear localization sequences. Although the signi®cance of the nuclear translocation is unclear, other studies have shown that activated PKCd down-regulates the interaction of DNA-PK cs with Ku/DNA and thereby DNA-PK activity (Bharti et al., 1998) . In addition, the ®ndings that c-Abl activates PKCd (Yuan et al., 1998a) and activated PKCd induces apoptosis (Ghayur et al., 1996) are in concert with a pro-apoptotic function for c-Abl in the response to DNA damage. Based on the observation that the C-terminus of c-Abl is substrate for PKC phosphorylation (Pendergast et al., 1987) , it is also conceivable that PKCd may contribute to the regulation of c-Abl activity.
An apparent paradox with regard to the c-Abl/ PKCd interaction, however, is raised by the recent ®nding that activation loop phosphorylation of PKCd in response to serum stimulation of cells is PI 3-kinase dependent and mediated by PDK1 (Le Good et al., 1998) . Thus, PKCd may be functional in both pro-and anti-apoptotic pathways. In this setting, PKCd could represent a switch that determines cell fate, such that PKCd eects anti-apoptotic signals following PDK1-mediated phosphorylation and pro-apoptotic signals as a consequence of c-Abl-mediated phosphorylation.
Diverse roles for c-Abl?
The available evidence indicates that c-Abl functions as an eector in diverse signaling pathways. Although the present review has focused on a role for c-Abl in the cellular response to DNA damage, there are clearly other functions that can be attributed to this kinase. Genetic studies in Drosophilia support a role for DAbl in Notch signaling and control of the axonal cytoskeleton. Integrin-dependent interactions between c-Abl and focal adhesion proteins have also supported a role for c-Abl in cytoskeletal regulation. In mice, disruption of c-abl is associated with defects in spermatogenesis and lymphoid development. How these phenotypes relate to ®ndings that c-Abl is activated by DNA lesions, particularly double-strand breaks, is not presently clear. This notwithstanding, the interactions of c-Abl with DNA-PK, ATM and p53 support a role for c-Abl in the G1 arrest response to DNA damage. The interaction of c-Abl with Rad51 has also provided support for the potential involvement of c-Abl in recombinational repair. In addition, a pro-apoptotic function for c-Abl in the response to DNA damage has been supported by interactions with diverse eectors of apoptosis, including p73, PI 3-kinase and PKCd. Thus, c-Abl could function in determining cell fate by regulating cell cycle arrest and DNA repair or, in the event of irreparable DNA damage, by inducing apoptosis. Presumably, the physiologic function of c-Abl activation, which has been uncovered by treatment with IR and other genotoxic agents, involves the response to DNA double-strand breaks that occur during DNA replication, genetic recombination and V(D)J gene rearrangement. Control of the extent of DNA double-strand breaks that accumulate during these physiologic events would be essential for the maintenance of genomic integrity. c-Abl may play a role in that control and, in a setting of excessive DNA breaks, contribute to the induction of apoptosis.
